Single-cell RNA sequencing offers snapshots of whole transcriptomes but obscures the temporal 12 dynamics of RNA biogenesis and decay. Here we present single-cell new transcript tagging sequencing 13 (scNT-Seq), a method for massively parallel analysis of newly-transcribed and pre-existing RNAs from the 14 same cell. This droplet microfluidics-based method enables high-throughput chemical conversion on 15 barcoded beads, efficiently marking metabolically labeled newly-transcribed RNAs with T-to-C 16 substitutions. By simultaneously measuring new and old transcriptomes, scNT-Seq reveals neuronal 17 subtype-specific gene regulatory networks and time-resolved RNA trajectories in response to brief 18 (minutes) versus sustained (hours) neuronal activation. Integrating scNT-Seq with genetic perturbation 19 reveals that DNA methylcytosine dioxygenases may inhibit stepwise transition from pluripotent embryonic 20 stem cell state to intermediate and totipotent two-cell-embryo-like (2C-like) states by promoting global 21 RNA biogenesis. Furthermore, pulse-chase scNT-Seq enables transcriptome-wide measurements of RNA 22 stability in rare 2C-like cells. Time-resolved single-cell transcriptomic analysis thus opens new lines of 23 inquiry regarding cell-type-specific RNA regulatory mechanisms.
INTRODUCTION
are functionally related to post-transcriptional regulatory processes, including translational initiation, 240 mRNA processing, and RNA splicing. Furthermore, 2C-state-specific new transcripts are preferentially 241 enriched for deubiquitinating enzyme-related genes such as Usp17lc/d/e (Fig. 4b, d) . These results 242 underscore that newly-synthesized RNAs are more robust than steady-state transcripts to uncover genes 243 related to state-specific biological processes within heterogeneous stem cell populations. 244 DNA-binding proteins, such as TFs and epigenetic regulators, show rapid gene expression changes 245 during pluripotent-to-2C transition 27, 29 . Our analysis of immediate transcription changes during the 246 pluripotent-to-2C transition identified 26 genes encoding DNA-binding proteins that showed a significant 247 difference at new RNA levels between states (Fig. 4e) . Consistent with previous scRNA-Seq analysis of 248 sorted cell populations 29 , 13 out of 14 commonly detected genes (Tet1, Sox2, Nanog, Rex1/Zfp42, 249 Sp110, Zfp352, and Zscan4 family) showed similar patterns in our scNT-Seq analysis of new RNAs (Fig.   250 4e). To further investigate TF/epigenetic regulator activity during the pluripotent-to-2C transition, we 251 applied SCENIC analysis to both new and old transcriptomes. Among all regulons uncovered in mESCs 252 ( Supplementary Fig. 8a) , we identified 25 TF/epigenetic regulators showing differential new regulon 253 activity between states ( Fig. 4f and Supplementary Fig. 8b) . The activity of several positive regulators of 254 the cell cycle, such as the E2F family of TFs, decreased in 2C-like states, which is consistent with 255 previous observations that 2C-like cells are associated with longer cell cycles 30 . Interesting, new RNA 256 levels and regulon activity of Nanog peak in intermediate state compared to pluripotent and totipotent 2C-257 like states, suggesting that this TF may play an unrecognized regulatory role in intermediate state. In 258 addition, several epigenetic regulators, including Phf8, Hdac2, Ezh2, and Tet1, were associated with a 259 decrease in regulon activity ( Fig. 4f ), suggesting a role of these enzymes in promoting the pluripotent 260 state. Notably, we did not identify the regulon activity of Zscan4 in 2C-like cells, potentially due to the lack 261 of Zscan4 motif information in the SCENIC TF database. Together, scNT-Seq directly captures state-262 specific newly-transcribed RNAs in rare totipotent cells in heterogeneous mESC cultures and allows 263 analysis of dynamics of new regulon activity during state transitions.
265
TET-dependent regulation of the stepwise pluripotent-to-2C transition 266 The TET family of proteins (Tet1-3) are DNA dioxygenases that mediate active DNA demethylation at 267 many cis-regulatory elements such as promoters and distal enhancers 31, 32 , thereby regulating gene 268 expression. During pluripotent-to-2C transition, both new RNA level and regulon activity of Tet1 rapidly 269 decreased ( Fig. 4c, f) Fig. 7c ). Interestingly, genetic 271 inactivation of all TET proteins in mESCs resulted in a substantially higher proportion of 2C-like cells, and 272 elevated expression level of 2C-specific transcripts 28 .
To better understand the role of TET enzymes in state transition, we generated mESCs deficient for all 274 three Tet proteins (Tet1/2/3 triple knockout, Tet-TKO) via CRISPR/Cas9 genome editing using previously-275 tested sgRNAs 33 and analyzed isogenic WT and Tet-TKO mESCs (J1 strain) by scNT-Seq after 4 hours 276 of metabolic labeling. The genotype of Tet-TKO cells was confirmed by both Sanger sequencing and 277 reads from scNT-Seq (Supplementary Fig. 9a ). Clustering and new RNA velocity analyses of combined 278 WT and Tet-TKO mESCs revealed two discrete phases of new RNA velocity flows (arrows). The velocity 279 flow within the pluripotent state is potentially driven by cell-cycle progression (Supplementary Fig. 9b, c) , 280 whereas new RNA velocity field of intermediate/2C-like states exhibited a strong directional flow from 281 intermediate to 2C-like state ( Fig. 5a, b) . These observations are consistent with a stepwise model of the 282 state-transition process and suggest that the pluripotent-to-intermediate state transition is a rate-limiting 283 step.
284
WT and Tet-TKO cells were separately clustered within the pluripotent state and Tet-TKO (but not WT) 285 cells were found immediately next to the intermediate/2C-like states ( Fig. 5a, b ), suggesting that Tet-TKO RNA biogenesis compared to pluripotent and intermediate states in WT cells (Fig. 5d) . In contrast, Tet-294 TKO cells already exhibited a substantially lower level of global transcription than WT cells in pluripotent 295 state ( Fig. 5d ), suggesting that Tet proteins may act as an epigenetic barrier for the pluripotent-to-2C 296 transition by maintaining a pluripotent state-specific RNA biogenesis profile.
298
Pulse-chase scNT-Seq enables transcriptome-wide measurement of mRNA stability in rare 2C-like 299 cells. 300 Pulse-chase assays combined with bulk SLAM-Seq have been used to measure mRNA stability in 301 mESCs 5 , but rare intermediate and 2C-like cells have not been studied. Given the enhanced sensitivity of 302 scNT-Seq compared to bulk assays, combining a pulse-chase strategy with scNT-Seq may enable 303 transcriptome-wide measurement of mRNA stability in rare cell populations. To test this, we metabolically 304 labeled mESC cultures with 4sU for 24 hours (pulse), followed by a washout and chase using medium 305 containing a higher concentration of uridine. Cells from multiple chase time-points were harvested and 306 cryo-preserved first, and all samples were then re-hydrated and simultaneously analyzed by scNT-Seq 307 analysis. After computing the proportion of labeled transcripts for each gene at every time-point relative to 308 0 h (right after pulse), we calculated the half-life (t1/2) of mRNAs by fitting a single-exponential decay model in each cell state ( Fig. 6a) . In total, 20,190 cells were profiled by scNT-Seq from 7 time-points ( Fig.   310 6b). After 24 hours of metabolic labeling, we observed a substantial accumulation of T-to-C substitution 311 ( Fig. 6c) , which is consistent with bulk assay observations 5 . The T-to-C substitution rate decreased over 312 time and returned to the baseline level 24 hours after chase ( Fig. 6c) . Inspection of two genes, Sox2 and 313 Topa2a, revealed that total RNA levels did not change across the 24-hour time course, whereas the level 314 of metabolically labeled transcripts decreased over time ( Supplementary Fig. 10a ), confirming that this 315 strategy can accurately measure mRNA decay in a transcript-specific manner.
316
Based on expression of marker genes, clustering analysis readily separated mESCs into three states 317 (n=7, pluripotent: 97.4%+/-0.78%, intermediate: 1.5%+/-0.48%, and 2C-like: 1.1%+/-0.38%) ( Fig. 6b and 318 Supplementary Fig 10b) , suggesting that this pulse-chase approach did not significantly alter the state 319 transition. By filtering out genes expressed in less than 5% of cells, we were able to determine the half-life 320 of 2,310 genes in pluripotent state, and the RNA half-life determined by pulse-chase scNT-Seq is highly 321 concordant with previous observation derived from bulk SLAM-Seq assays 5 (R 2 =0.81, Fig. 6d ). RNA 322 stability can also be estimated by assuming simple exponential kinetics, which is calculated by measuring 323 the ratio of labeled and unlabeled transcripts after metabolic labeling for a specific time 34 . However, RNA 324 half-life estimated from one timepoint labeling (4sU, 4 hour) experiment is substantially less correlated 325 with measurements derived from bulk assays (R 2 =0.49, Fig. 6d ). These results suggest that a pulse-326 chase strategy may more reliably measure RNA decay rate. Furthermore, the top 10% most stable and 327 unstable transcripts were enriched for similar GO terms that are uncovered by bulk SLAM-Seq assays 5 328 ( Supplementary Fig. 10c ). Further analysis of cells in intermediate and 2C-like states revealed the half-329 life of 1,743 and 821 transcripts in these rare cell states, respectively. Next, we analyzed commonly 330 detected transcripts between cell states to reveal state-specific regulation of mRNA stability 331 ( Supplementary Fig. 11) . Thus, scNT-seq enables transcriptome-wide measurement of RNA stability in 332 rare stem cell populations in heterogeneous mESC cultures.
333
Because dynamic changes in RNA levels are regulated by the interplay of RNA biogenesis and 334 degradation, we sought to investigate the relationship between mRNA stability and gene expression 335 during the pluripotent-to-2C transition (Supplementary Fig. 12 ). Consistent with previous findings 2 , RNA 336 stability and total mRNA levels are not highly correlated, suggesting mRNA stability is not the major 337 contributor to total RNA level during stem cell state transition. Nevertheless, we identified a group of 338 genes showing coordinated changes of RNA stability and gene expression level between pluripotent and 339 2C-like states, suggesting mRNA stability may play a role in regulating total mRNA level for a subset of 340 genes (Fig. 6e) . Further analysis showed that six RNA-binding protein (RBP) binding motifs were 341 enriched in 3'UTR of 15 genes showing coordinated changes ( Fig. 6f) . Among these RBPs, the Pabpc 342 family proteins (Pabpc1 and Pabpc4) are known regulators of mRNA stability and translation efficiency by 343 binding poly-A tails of mRNAs 35 . Collectively, these results indicate that scNT-Seq can serve as a powerful approach to investigate RNA stability and post-transcriptional regulatory mechanisms in rare freezer for up to one month. For rehydration, cells were kept on ice after moved from -80 °C and kept in pooled in equal amounts, from all PCR reactions for a given run. Following cDNA tagmentation, we estimates for genes with a confidence interval greater than 0.2 were thrown out. The new transcript (N) 620 was then estimated:
Where θ is the fraction of newly-transcribed RNAs for a gene in a cell type, L is labeled transcripts of a 623 gene, U is unlabeled transcripts of a gene. The pre-existing transcript was calculated by: (1 − )( + ). transcripts in each cell, we introduced detection rate α to estimate the new transcript for each cell. Since 631 4sU incorporation is random but each cell may vary in 4sU incorporation and most genes have the highly 632 similar detection rate α (Supplementary Fig. 3d ), we used the strategy above to estimate the fraction of Fig. 2b and Supplementary Fig. 4a) , SCENIC (Figs. 644 2d, 3c, 4f, Supplementary Fig. 5 and Supplementary Fig. 8a) and new RNA velocity analysis (Figs. 3a 645 and 5b).
647
Gene ontology (GO) enrichment analysis 648 GO enrichment analysis was performed as previously described 12 . To identify functional categories 649 associated with defined gene lists, the GO annotations were downloaded from the Ensembl database. An 650 enrichment analysis was performed via a hypergeometric test. The P value was calculated using the 651 following formula:
where N is the total number of background genes, n is the total number of selected genes, M is the 654 number of genes annotated to a certain GO term, and i is the number of selected genes annotated to a 655 certain GO term. P value was corrected by function p.adjust with false discovery rate (FDR) correction in 656 R. GO terms with FDR<0.05 were considered enriched. All statistical calculations were performed in R.
657
For enrichment analysis of stable/unstable mRNAs (Supplementary Fig.10c) Fig. 4d , genes showed >1.5-fold changes between 661 pluripotent and 2C-like state were selected and subjected into GO enrichment analysis.
663
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